The major tropospheric removal process for hexafluorobenzene is its oxidation by hydroxyl (OH) radicals. However, there is no information on the reaction mechanism of this important process. All geometries and energies significant for the tropospheric degradation of hexafluorobenzene were characterized using the MP2/6-311+G(d,p) and/or G3 methods. It was found out that the addition of OH radical to hexafluorobenzene proceeds via a prereaction complex. In the prereaction complex the OH radical is almost perpendicular to the aromatic ring and oxygen is pointing to its center. The reaction rate constants for addition of OH radical to hexafluorobenzene were determined for the temperature range 230-330 K, using RRKM theory and corrected G3 energies. For the whole range of environmentally relevant temperatures (230-330 K) there is a very good qualitative agreement between the calculated and experimental rate constants. Finally, our results almost perfectly reproduce the unusually weak temperature dependence for OH radical addition to hexafluorobenzene.
INTRODUCTION
EACTION with the hydroxyl (OH) radical is the primary chemical loss channel for organic compounds emitted into the troposphere [1] [2] [3] [4] [5] and a large number of experimental [1, 5] and theoretical studies [4, 6] has been published in this research area. The large fraction of those studies have been carried out for almost all classes of aliphatic organic compounds, i.e. alkanes or alkenes and their halogenated derivatives, alcohols, ethers, carbonyl compounds, organic acids and esters, and have revealed the reaction-path dynamics and the reaction kinetics for tropospheric degradation of those chemicals. Contrary to this, the number of studies on aromatic compounds is quite limited. The detailed investigations on reaction mechanisms and reaction kinetics are available only for benzene, [7, 8] toluene, [9] fluorobenzene, [10] chlorobenzene, [11, 12] phenol [13] and naphthalene. [14] The major reason for a small number of studies on aromatic compounds is their significant size and complex reaction mechanism with OH radicals, thus sophisticated theoretical methods must be used in order to obtain meaningful results.
Our long-term research goal is to develop affordable and reliable methodologies for calculating the tropospheric lifetime or removal rate of large molecular systems. [15] [16] [17] [18] We have successfully developed a reliable methodology for the reaction rate constants and tropospheric lifetime of fluorinated alkanes [19] and halogenated alkenes. [18, 20, 21] In the last several years, we are extending those research efforts into the tropospheric degradation reactions of halogenated aromatic hydrocarbons and were successful in modeling gas-phase reactions of OH radicals with fluorobenzene [10] and chlorobenzene. [12] This study on hexafluorobenzene is the next step in our endeavor to produce methodology for calculating the tropospheric degradation rates of persistent organic pollutants (POPs), [22, 23] normally perhalogenated or polyhalogenated biphenyls, diphenylethers, dibenzo-p-dioxins or -furans, and analogous chemicals (DDT, chlordane, heptachlor).
Hexafluorobenzene is a modeling compound for perfluorinated and polyfluorinated aromatic compounds. The major tropospheric degradation process of hexafluorobenzene is its oxidation by OH radicals [1] and the only relevant pathway is the addition of OH radical to the aromatic ring, Equation 1.
However, only a limited data are available on the tropospheric degradation of hexafluorobenzene. The recommended room-temperature (298 K) reaction rate constant for OH radical addition to hexafluorobenzene [1] is 1.71 × 10 -13 cm 3 molecule -1 s -1 while the most recent measurement [24] suggests a somewhat lower room-temperature (294 K) reaction rate, i.e. 1.52 × 10 -13 cm 3 molecule -1 s -1 . However, there is no information on the reaction mechanism or reaction-path dynamics of this important tropospheric degradation process. Thus, the main objective of this study is to obtain valuable missing information on the reaction mechanism and kinetics of hexafluorobenzene oxidation by hydroxyl radical.
In our previous studies on monosubstituted halobenzenes, [10, 12] it was proven that theoretical methods MP2 and G3 can give relevant information on the reaction mechanism of OH radical addition to haloaromatic systems as well as on the corresponding thermodynamic data. Those results coupled with the RRKM (Rice-RamspergerKassel-Marcus) kinetic theory have also successfully reproduced the experimental reaction rates. In this study we will apply an analogous approach to obtain missing information on the reaction mechanism and reaction-path dynamics of hexafluorobenzene.
COMPUTATIONAL METHODS
Optimized geometries were calculated using MP2/6-311G(d,p) method and confirmed by frequency calculations. Unrestricted wavefunction was used for radical species. IRC (intrinsic reaction coordinate) calculations were performed to confirm connection between the transition state and minima on each reaction pathway using Gonzales-Schlegel's method in mass weighted coordinates. [25] Geometry, frequency and IRC calculations were performed using GAMESS program. [26] Single point energies were calculated with G3 method [27, 28] using Gaussian program package. [29] Geometry of prereaction complex is optimized with a very tight gradient cutoff (10 -7 Ha Bohr -1 ) and projection of the Hessian matrix was used in the normal mode calculation in order to remove translational and rotational contaminants. [30] These normal modes were examined and normal mode describing dissociation of the prereaction complex is selected. Several geometries were generated along that mode by extending separations of the OH radical and hexafluorobenzene. Geometries with separations from 3.6 to 25 Å were examined. At large separations geometries were optimized with the frozen distance and angles between OH radical and hexafluorobenzene. Energies from these points were extrapolated by cubic spline to achieve sufficient density of points. Rotational potential was calculated at these points for series of temperatures and was added to the electronic potential. The loose transition state was determined for each temperature by locating maxima on the OH-hexafluorobenzene potential.
Geometry and energy data were used in the reaction rate constant calculations. All frequencies were scaled by 0.941 before using them in the thermodynamic and density of states calculations. The tropospheric oxidation of hexafluorobenzene [Eq. 1] was divided into two steps [Eq. 2]. The first step is the formation of prereaction complex and the second step is rearrangement of the prereaction complex into an adduct.
(2)
Equilibrium constant (K(T)) for the first step was calculated using the statistical thermodynamics calculations. The reaction rate constant (kdiss) was calculated for dissociaton of the prereaction complex using RRKM method [31, 32] in the high pressure limiting regime. These two constants define the rate of association reaction (kass). The fate of prereaction complex is modeled with the exact Gillespie stochastic method. The overall reaction rate for addition of OH radical to hexafluorobenzene (kcalc) was calculated according to Equation 3:
where f is the final relative population for the adduct, after the Gillespie simulation with 1000 collisions in bath-gas. [33] Reaction (2) is assumed to proceed from the activated complex and its activation energy is equal to the well depth. All frequencies, used in the density of states calculation are the scaled harmonic frequencies, except normal modes that describe internal rotation of the OH group. These degrees of freedom were treated as internal rotors and barrier of the internal rotation was calculated by scanning the rotational potential of the OH group. Furthermore, as demonstrated in our previous studies, [10, 12] the relative translation of OH radical with respect to hexafluorobenzene in the prereaction complex was treated as a two-dimensional particle-in-the-box and the box size was set at 2.8 Å which is the diameter of benzene ring. Energy transfer, used in the Gillespie stochastic modeling, between prereaction complex and bath gas was modeled with the exponential down collision model at pressure of 1 atmosphere. Since tropospheric reactions were modeled, nitrogen was used as the bath gas. The potential between prereaction complex and nitrogen molecule is modeled as a Lennard-Jones potential. The Lennard-Jones parameters were determined from the position and depth of potential minimum calculated from atomic parameters taken from the General Amber Force Field (GAFF). [34] A potential was calculated as a mean potential of 18432 potentials at different relative orientations of nitrogen and prereaction complex at a given center of mass distance. Calculated parameters are: = 4.96 Å,  / kB = 271.0 K. Intramolecular vibrational energy transfer is neglected. Energy transfer parameters are unknown for this system and a value of 175 cm -1 was assumed for exponential down model by analogy with monohalogenated benzenes. [10, 12] Energy density was integrated by double array integration scheme with 7 cm -1 energy grain. The maximum energy from the coarser part of the double array was fixed at 85000 cm -1 . These values were checked by examining if the final result differs significantly when values were subjected to variation.
All reaction rate and thermodynamic calculations were performed with the MULTIWELL program package. [33, 35, 36] 
RESULTS AND DISCUSSION

Optimized Geometries and Formation of Prereaction Complex
The optimized geometrical parameters of all stationary points are shown in Table S1 (Supporting Information). The addition of OH radical to hexafluorobenzene proceeds indirectly via the prereaction complex and is shown in Figure 1 .
In the prereaction complex the OH radical is perpendicular to the aromatic ring and oxygen atom is pointing towards its center. An analogous complex was recently published for hexafluorobenzene and hydrogen fluoride. [37] The separation between OH radical oxygen and aromatic ring is 2.76 Å and the stabilization energy of prereaction complex with respect to reactants is about 4.8 kcal mol -1 . It seems to be due to the electrostatic interaction between the negatively charged oxygen atom and positively charged aromatic ring due to the strong electron withdrawing power of six fluorine atoms. Recent results on the electrostatic potential of hexafluorobenzene and fluorobenzene [38] corroborate this assumption. It should be also noted that the structure of prereaction complexes is different from the one obtained for fluorobenzene [10] and chlorobenzene [12] where the hydrogen atom of OH radical is pointing towards the aromatic ring. Vibrational frequencies of the prereaction complex are similar to the frequencies of isolated OH radical and hexafluorobenzene except for some low frequencies corresponding to the relative motions of the OH radical and hexafluorobenzene and which are critical for the title reaction. Two of those degrees of freedom correspond to the nearly free movement of the OH radical across the aromatic ring plain. By such motions, OH radical can approach each of the aromatic carbons and create a covalent C-O bond with it.
Rearrangement of Prereaction Complex Into the Adduct
The prereaction complex has a flat potential energy surface which enables the large amplitude motions of the OH radical. Such motions enable the oxygen atom in OH radical to approach each carbon atom in the benzene ring. Once oxygen atom is in the vicinity of a specific carbon atom, those atoms start to attract each other. Consequently, the carbon atom at reaction center is displaced from the aromatic ring plain which results in a significant deformation of aromatic system and the increase in its energy. At this stage, the transition state is formed for the addition of OH radical to hexafluorobenzene. The reaction barrier is 6.2 ± 1.1 kcal mol -1 . In the transition state, the orientation of OH radical is approximately parallel with the aromatic 
Reaction Rates
In our previous studies, [10, 12] it was necessary to correct G3 reaction barriers and prereaction complex well depth for their uncertainty in G3 calculations [39] and to treat the relative translation of OH radical and monohalogenated benzenes as a two-dimensional particle-in-the-box, in order to reproduce the experimental reaction rates for the addition of hydroxyl radical as well as to account for their unusual temperature dependence. The same approach was applied in the present study by lowering the prereaction complex well and reaction barriers for 0.7 kcal mol -1 and the calculated reaction rates for addition of hydroxyl radical to hexafluorobenzene are reported in Table 1 together with the measured data. [24] The rate constants fi, kdiss and K(T) used to calculate the reaction rate constants for OH radical addition to hexafluorobenzene are given in the Supporting Information (Table S2) .
For the whole range of environmentally relevant temperatures (230-330 K) there is a very good qualitative agreement between the calculated and experimental rate constants. For the whole temperature range there is almost a constant difference between the calculated and experimental rate constants. Namely, the calculated rate constants are always lower by a factor of 2.6 from the respective measured rate constants. This means that the calculated rate constants almost perfectly reproduce the unusually weak temperature dependence [24] for OH radical addition to hexafluorobenzene. The main reason for the observed discrepancy between calculated and experimental rate constants seems to be the inability to adequately treat the anharmonicity of all five low vibrational frequencies corresponding to the relative motions of the OH radical and hexafluorobenzene. Finally, a close correspondence between calculated and experimental rate constants indirectly also supports the high quality of thermodynamic data obtained by MP2/6-311G(d,p) and G3 methods as well as the suggested reaction mechanism.
Environmental Implications
Based on the calculated reaction rate at the average Earth's tropospheric temperature (277 K) [40] and the global tropospheric OH radicals concentration averaged over 24 h period (9.7 × 10 5 cm -3 ), [41] the tropospheric lifetime is estimated for hexafluorobenzene by the following equation:
The calculated reaction rate at 277 K (kcalc = 0.502 × 10 -13 cm 3 molecule -1 s -1 ) was interpolated from the calculated rate constants at 270 and 280 K. The estimated tropospheric lifetime of hexafluorobenzene is 237 days which indicates its status as a potential POP chemical.
There is no information about the stable reaction products of OH radical addition to hexafluorobenzene or other perhalogenated benzenes. Thus, by analogy with the tropospheric reactions of various monosubstituted benzenes (X-C6H5, X=H, CH3, OH, F, Cl, etc.), [42, 43] it seems that for the OH radical addition to hexafluorobenzene the major ring-retaining product will be pentafluorophenol produced by a simple elimination of fluorine atom from the adduct [Eq. 5]. It is well established [42] that adducts produced by OH radical addition to aromatic compounds are "hot" species with a significant amount of excess energy. For the hexafluorobenzene adduct this excess energy is more than 30 kcal mol -1 (Figure 1 ). Such amount of excess energy must be sufficient to remove the fluorine atom from the respective adduct and, thus, the formation of pentafluorophenol from the "hot" adduct should be thermodynamically and kinetically feasible.
Supporting Information. Supporting information to the paper is enclosed to the electronic version of the article at: http://dx.doi.org/10.5562/cca2823. Tables listing optimized geometries of hydroxyl radical, hexafluorobenzene, prereaction complex, transition state and adduct, as well as the equilibrium constants for the association of OH radical and hexafluorobenzene into the prereaction complex, the unimolecular reaction rates for dissociation of the prereaction complex and final relative populations of adduct after 1000 collisions were modeled with the Gillespie stochastic model. Table S2 . Equilibrium constants K(T) for the association of OH radical and hexafluorobenzene into the prereaction complex, the unimolecular reaction rates (kdiss) for dissociation of the prereaction complex and final relative populations (f) of adduct after 1000 collisions modeled with the Gillespie stochastic model. The relative translation of OH radical with respect to hexafluorobenzene in the prereaction complex was treated as a two-dimensional particle-in-thebox.
T 
